Aims/hypothesis. Environmental factors such as diet and bacterial antigens play an important role in the onset of Type 1 diabetes. Different self-antigens are suggested to play a role in the development of diabetes. Antibodies against the 60-kDa heat shock protein 60, which have a high homology to bacterial heat shock protein 65, have been found in the circulation at the onset of diabetes in humans and in pre-diabetic NOD-mice. One of the immunodominant epitopes in autoimmune diabetes is p277, a specific peptide of human heat shock protein 60 corresponding to positions 437-460. In this study we investigated whether neonatal oral administration of DiaPep277 (a synthetic peptide analogue of p277) affected the development of diabetes in the BioBreeding-Diabetes Prone (BB-DP) rat, and whether this could potentiate the effect of a protective hydrolysed casein-diet.
Introduction
Type 1 diabetes is an autoimmune disease that results from the destruction of the beta cells in the pancreas. Various self-antigens have been suggested to play a role in the development of diabetes. Indeed, antibodies against GAD, insulin, islet cell antigen (ICA-69), and heat shock protein 60 (hsp60) have been found in the circulation at the onset of diabetes in humans, and in animal models of diabetes [1, 2] .
Oral tolerance induction to prevent autoimmune disease has been the topic of several studies. Oral GAD [3] and insulin, especially a B chain peptide, can prevent the development of Type 1 diabetes in nonobese diabetic (NOD) mice [4] .
T cell reactivity against p277, a specific peptide of human hsp60, has been reported at the onset of diabetes in NOD mice [5] . Subcutaneous administration of p277 down-regulated T cell reactivity to beta cell antigens and prevented the development of diabetes in NOD mice. Treatment resulted in p277-specific IgG1 antibodies as well as in an increase of p277-specific IL-4 and IL-10 secretion and a decrease in gamma interferon secretion, suggesting an up-regulation of the T helper type 2 cytokine pathway [5] .
In this study we investigated whether oral administration of DiaPep277 (a synthetic peptide analog of p277) affected the development of diabetes in neonatal BioBreeding diabetes-prone (BB-DP) rats, and whether this could potentiate the effect of a protective hydrolysed casein (HC) diet [6, 7, 8] .
Materials and methods
Experimental set-up. This experiment was designed to see if oral administration of a dominant epitope of hsp60 to neonatal animals could affect the development of Type 1 diabetes in the BB-DP rat model. Group-housed BB-DP rats (breeding colony, Groningen, the Netherlands) were orally inoculated once per day, either with placebo (distilled water) or with DiaPep277. Inoculation was done by silicone tube directly into the stomach, at days 4, 5, 6 and 7 of life. After weaning (age 21 days), rats received either a conventional, cereal-based diet (n=14 placebo group, n=16 DiaPep277 group) (rodent diet no. Rmh-B2181, Hope Farms, Woerden, Netherlands) or an HC-diet (n=15 placebo group, n=16 DiaPep277 group). The HC-diet is a modification of the AIN-93G diet containing 20% hydrolysed casein (Pancase S; Redstar Bioproducts, Tara, Ont, Canada) as the source of aminoacids, 53% corn starch, 12% sucrose, 5% corn oil, 5% cellulose-type fibre (Solka-Floc; Teklad, Madison, Wis., USA) [3, 4] . Both sexes were used for this study. In our breeding colony 80 to 90% of the BB-DP rats spontaneously develop diabetes before the age of 130 days, with no differences between the sexes. Animals were treated in compliance with the Dutch law on experimental animal care. DiaPep277 [1] was kindly supplied by Peptor (Rehovot, Israel). Per inoculation, each rat was given 300 µg of DiaPep277 in a volume of 300 µl. Body weights were measured three times per week. Animals that lost weight were screened for hyperglycaemia, using blood glucose strips (Roche Diagnostics, Almere, Netherlands). Rats were diagnosed as diabetic at plasma glucose levels above 15 mmol/l. Non-diabetic animals were killed at the end of the study, at the age of 140 days.
Histopathology. Upon necropsy, the pancreas was removed, fixed in Bouin's solution, and after washing, embedded in paraffin. Sections of 7 µm were stained with haematoxylin/eosin to evaluate insulitis. The degree of islet infiltration was measured using a Zeiss microscope and was rated as previously described [6] with the addition of score 5, which was developed in our lab to control for completely destroyed islets in severe insulitis. Per pancreas section, an average histological insulitis score was calculated by adding up the score of each islet and dividing it by the total number of islets counted. The analysis was performed blindly and independently by two persons.
Results
As shown in Figure 1 , administration of DiaPep277, combined with conventional rodent diet or an HC-diet from weaning, lowered the incidence of diabetes in BB-DP rats from 85% (placebo + conventional) to 69% (DiaPep277 + conventional) and from 53% (placebo + HC) to 31% (DiaPep277 + HC) respectively, although these differences were not significant. The HC-diet delayed the onset of diabetes by 20 days and tends to lower the incidence of diabetes from 85% to 53% (Kaplan-Meier, p=0.06).
In animals receiving DiaPep277 in combination with an HC-diet the onset of diabetes was delayed by 17 days and the incidence of diabetes was lower. In this group only 31% of the animals became diabetic (Kaplan-Meier; p=0.0034 vs placebo + conventional diet). All animals receiving DiaPep277 had a 2.2-fold improved chance of not developing diabetes (endpoint analysis, χ 2 ).
The insulitis score of the different groups is depicted in Figure 2 . Interestingly, the combination of neonatal administration of DiaPep277 followed by the HC-diet from weaning resulted in a dramatic reduction of insulitis in the non-diabetic rats (score approx. 1.0, Wilcoxon signed rank; p=0.043 vs placebo + conventional diet). This score is comparable with scores found in healthy BB-DP rats and in diabetes-resistant BB rats with normal islet appearance. 
Discussion
In this study we demonstrate that a combination of DiaPep277 and HC-diet reduces the incidence of diabetes in BB-DP rats. This protection correlates with a lack of insulitis in the non-diabetic animals of this group.
Several other research groups have reported that an HC-diet has a protective effect on the development of diabetes in the BB-DP [6, 7, 8] . The protective effect of an HC-diet against diabetes could be the result of an actively induced protective mechanism or of nonexposure to diabetogenic substances present in plantbased rodent diets [6, 7] .
The sequence of bacterial hsp65 has a high homology with human and rat hsp60. An immune response to hsp65 could lead to an autoimmune response to hsp60 on beta cells, due to molecular mimicry. Oral introduction of one of the epitopes of hsp60 to neonatal animals could lead to tolerance to this epitope, reducing the risk of autoimmunity induced by molecular mimicry, and thereby establishing protection at the level of the pancreatic beta cells. The administration of DiaPep277 alone in neonatal animals did not lead to significant protection against diabetes. Probably the overload of other diabetogenic epitopes, derived from plant-based diets or other bacterial antigens, masks the tolerance established for hsp60 and related proteins by oral administration of DiaPep277. Using a non-diabetogenic HC-diet could eliminate the masking effect.
In conclusion, we have shown that short-term neonatal feeding with DiaPep277 in early life, combined with diet modification, appears to provide a clinically relevant procedure to significantly reduce the risk of developing Type 1 diabetes later in life. Fig. 2 . Insulitis scores for non-diabetic and diabetic rats. Black bars: placebo + conventional diet (n=14); hatched bars: DiaPep277 + conventional (n=16); grey bars: placebo + HCdiet (n=15); white bars: DiaPep277 + HC-diet (n=16). Scores: 1, normal islet appearance; 2, mild insulitis; 3, severe insulitis; 4, end-stage islets; 5, missing islets as compared to the average number of islets in the normal rat pancreas. * p=0.043 compared with placebo + conventional diet, Wilcoxon signed rank
